Abstract. This paper proposes a time-frequency method based on complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN) and Winger-Ville distribution (WVD) for hydro-turbine non-stationary vibration signals analysis. Unlike the traditional EMD and EEMD, CEEMDAN can efficiently reduce the mode mixing and has a better convergence. Base on a series of intrinsic mode functions (IMFs) obtained by using CEEMDAN, WVD can effectively suppress the interference of cross-terms and accurately depict the time-frequency characteristics of original vibration signals. The proposed method can be employed to analyze the hydro-turbine non-stationary vibration signals successfully and shows excellent performance.
INTRODUCTION
The vibration signals of hydro-turbine are important indicators for measuring the stability and evaluating the health conditions of the running unit [1] . Generally speaking, vibration signals in engineering practice contain abundant operation information of unit. Due to the influence of various factors, vibration signals are usually non-stationary and fluctuate greatly [2] . Therefore, an effective and practical method of non-stationary vibration signals analysis is significant for the security operation of hydro-turbine.
Recently, with the rapid advance in signal processing technologies, various approaches have been applied in the field of non-stationary signals analysis such as short-time Fourier transform (STFT), wavelet transform (WT) and blind source separation (BSS), and so on [3, 4, 5] . Empirical mode decomposition (EMD), which is based on the local characteristic time-scale of the data, can be used in nonlinear and non-stationary processes and has been widely applied in many fields successfully [6] . However, there are some inherent limitations in EMD, including the mode mixing, end effects and intrinsic mode function (IMF) criteria. In addition, Wigner-Ville distribution (WVD), which is a kind of bilinear time-frequency distribution, can accurately identify the time-frequency structure of non-stationary signal [7] . But for multi-component signal, the analysis performance of WVD is greatly suffered by the interference of cross-terms.
In order to solve these problems, an time-frequency method based on complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN) and Winger-Ville distribution (WVD) for hydro-turbine non-stationary vibration signals analysis is proposed in this paper (readers are suggested to find more detailed information regarding the CEEMDAN and WVD from [8, 9] ) . 
ORGANIZATION OF THE TEXT The framework of the proposed CEEMDAN-WVD method
The flow chart of the proposed CEEMDAN-WVD method is shown in Fig. 1 . It provides an effective approach to obtain the accurate time-frequency (TF) distribution of original vibration signal. The detailed steps are stated as follows:
Step 1: The original vibration signal is decomposed by using CEEMDAN. Thus, a series of IMFs, i.e., 1 2 , ,...,
N IMF IMF
IMF , can be acquired.
Step 2: Each IMF is analyzed by WVD respectively to obtain the TF distribution of each IMF.
Step 3: The TF distribution of original vibration signal can be acquired by the superposition of the TF distributions of IMFs that are calculated by step 2. 
FIGURE 1. Flow chart of the CEEMDAN-WVD method

Experiments and results
In this section, the proposed CEEMDAN-WVD method is used to analyze the vibration signal of hydraulic turbine, and the obtained result is compared with the result by WVD to validate the effectiveness of CEEMDAN-WVD.
The experimental sample is the main shaft vibration signal of hydro-turbine at the upper guide bearing in a start-up process, which is collected from the 1# hydroelectric generating unit in Ertan Hydropower Station. The rated speed of unit is 130 rpm, the start-up time is 70 seconds and the sampling frequency of the test is 1600Hz. Fig. 2 shows the FFT spectrum of vibration signal at the upper guide bearing and the starting speed of hydro-turbine. It can be seen from the figure that the distribution of frequency components is more concentrated within a range of 0 to 2.1 Hz, and the entire start-up process lasts about 70 seconds. Because of the influence of some complicated jamming signals, it is difficult for traditional analysis methods to characterize the variation of frequency with the elapse of time accurately. Therefore, due to the advantages of the proposed method for complex non-stationary signal, the sample can be processed by CEEMDAN-WVD to obtain the accurate time-frequency distribution of original signal.
FIGURE 2. (a) FFT spectrum of hydro-turbine vibration signal (b) Starting speed
Based on the detailed steps of the proposed CEEMDAN-WVD method described in section 2, the time-frequency distribution of original vibration signal can be obtained shown in Fig. 3(a) . It is obvious that the frequency trajectories are well tracked without any interference terms. The result clearly reflects the varying trend of frequency with time going in the process of unit start-up. Besides, in order to compare with the proposed method, traditional WVD is utilized to analyze the original vibration signal. Fig. 3(b) depicts the time-frequency representation of original signal by WVD. In Fig. 3(b) , the WVD has good frequency response accuracy due to its high time-frequency resolution. However, the cross-terms, which is the root cause for spurious frequency components, leads to misinterpretation of the original signal. Thus, the CEEMDAN-WVD method is appropriate for time-frequency analysis with accurate distribution and high energy concentration, especially for the non-stationary vibration signal with cross-terms. 
CONCLUSION
EMD and WVD are two widely applied approaches in the field of non-stationary vibration signals processing. In order to further reduce the mode mixing in EMD and suppress the interference of cross-terms in WVD, a novel combination analysis method based on CEEMDAN and WVD is proposed in this paper. Through this method, the high resolution of WVD is remained and the influence of cross-terms can be eliminated effectively. The collected main shaft vibration signal of hydro-turbine at the upper guide bearing in the process of unit start-up is investigated to demonstrate the effectiveness of the proposed method. Experimental results show that the CEEMDAN-WVD method can effectively handle the non-stationary vibration signal and then obtain the accurate time-frequency distribution without spurious frequency components. Furthermore, the proposed method is compared with a time-frequency method based on WVD. From the performance comparison between different methods, the CEEMDAN-WVD presents the real time-frequency distribution of original vibration signal without the effect of cross-terms. The proposed CEEMDAN-WVD method is suitable for the non-stationary vibration signal processing due to its accurate time-frequency analysis result and high energy concentration, and it shows great potential in condition monitoring and fault detection for other mechanical equipment.
